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Abstract 20 
Accurately determining the spatial relationship between the pelvis and acetabulum is challenging due to their 21 
inherently complex three-dimensional (3D) anatomy. A standardized 3D pelvic coordinate system (PCS) and the precise 22 
assessment of acetabular orientation would enable the relationship to be determined. We present a surface-based method to 23 
establish a reliable PCS and develop software for semi-automatic measurement of acetabular spatial parameters. Vertices 24 
on the acetabular rim were manually extracted as an eigenpoint set after 3D models were imported into the software. A 25 
reliable PCS consisting of the anterior pelvic plane, midsagittal pelvic plane, and transverse pelvic plane was then 26 
computed by iteration on mesh data. A spatial circle was fitted as a succinct description of the acetabular rim. Finally, a 27 
series of mutual spatial parameters between the pelvis and acetabulum were determined semi-automatically, including the 28 
center of rotation, radius, and acetabular orientation. Pelvic models were reconstructed based on high-resolution computed 29 
tomography images. Inter- and intra-rater correlations for measurements of mutual spatial parameters were almost perfect, 30 
showing our method affords very reproducible measurements. The approach will thus be useful for analyzing anatomic 31 
data and has potential applications for preoperative planning in individuals receiving total hip arthroplasty.  32 
Key words: surface-based, acetabulum, pelvic coordinate system, total hip arthroplasty, computer assisted 33 
surgery 34 
 35 
1. Introduction 36 
Total hip arthroplasty (THA) is considered to be a successful treatment for patients with end-stage hip osteoarthritis 37 
[1]. Diseases and surgical procedures of the hip are inherently three-dimensional (3D), occurring in and around the 38 
proximal femur and the acetabulum. With the advent of cementless implants, the orientation of the femoral component 39 
must be consistent with the geometry of the femoral medullary cavity. Correct implantation of the acetabular component in 40 
THA is critical with respect to long-term survival as well as short-term complications [2]. 41 
Lewinnek et al. [3] proposed a safe zone for the placement of the acetabular component based on radiological 42 
analysis of the dislocation rates among 300 THAs. They recommended two related two-dimensional (2D) parameters for 43 
GHILQLQJWKHVDIH]RQH LQFOXGLQJDQLQFOLQDWLRQRIÛVWDQGDUGGHYLDWLRQ>6'@ÛDQGDQDQWHYHUVLRQRIÛ6'Û) 44 
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relative to the anterior pelvic plane (APP). This so-called safe zone is widely applied to guide the placement of the 45 
acetabular component, although the ranges for the inclination and anteversion remain unknown. The native orientation of 46 
the acetabulum or the transverse acetabular ligament [4] have also been used as guides, with satisfactory outcomes. 47 
However, the complex 3D geometry of the anatomic landmarks makes the determination and description of their 48 
orientations difficult [5, 6], especially when the mutual relationship of the acetabulum and pelvis is considered. These 49 
complex anatomic structures do not allow for accurate measurement of their 3D orientations based on the 2D images 50 
provided by radiography or traditional axial tomography [7-13]. In addition to the orientation [14, 15] of the acetabulum, 51 
other mutual spatial parameters, such as the center of rotation, remain unknown, despite their importance for successful hip 52 
joint reconstruction and the restoration of hip biomechanics [16]. Knowledge of these parameters will also benefit further 53 
biomechanical and anatomical research. 54 
To further clarify the spatial relationship between the acetabulum and pelvis, and especially the acetabular orientation, 55 
a reliable pelvic coordinate system (PCS) is required [15, 17-21]. A reliable PCS consisting of the APP, midsagittal pelvic 56 
plane (MSP), and transverse pelvic plane (TPP) is very important for the successful alignment of the acetabular component. 57 
The APP, a plane defined by the bilateral anterior superior iliac spines (ASIS) and the midpoint between the bilateral pubic 58 
tubercles, has the potential to be used to establish a reliable PCS. However, manual selection of these anatomic landmarks 59 
does not reliably define the APP. A surface-based approach has been proposed in [22, 23] to overcome this drawback. By 60 
manually selecting both ASISs and pubic tubercles on partly homologous surface patches, the APP can be reliably 61 
computed by an iterative algorithm. The MSP and TPP can also be computed as the mirror plane associated with both 62 
ASIS regions by using an iterative closest point (ICP) algorithm. We hypothesize that a reliable PCS can be established 63 
from the APP, MSP, and TPP. Semi-automatically selected points on the osseous ridge of the acetabulum have been used 64 
to generate a best-fit circle for describing acetabular orientation [24]. Here we describe a novel method to measure the 3D 65 
acetabular orientation and center of rotation relative to the new PCS. The proposed method was recently used to study 66 
acetabular orientation statistics within a cohort of Chinese subjects [25]. In the present contribution, we describe in detail 67 
the technical aspects of the method, and investigate the intra- and inter-observer consistency of its results. 68 
 69 
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2. Methods 70 
In this study, we present a unique algorithm to analyze various parameters related to the acetabulum, and a 3D 71 
software implementation of the same. The processing and image rendering tools of the software are based on the 72 
open-source libraries Insight Toolkit (ITK) and Visualization Toolkit (VTK). Surface models are reconstructed from 73 
computed tomography (CT) data volumes through the threshold and region-growing segmentation method using 3D Slicer 74 
4.2 (Surgical Planning Laboratory, Brigham and WRPHQ¶V +RVSLWDO Harvard Medical School, United States, 75 
http://www.slicer.org/). After reconstruction, 3D models of the acetabulum are imported into our software. By manually 76 
selecting some anatomic landmarks on the model, the software can automatically calculate acetabular spatial parameters. 77 
The entire acetabular rim, less the notch, is required to determine the actual 3D RULHQWDWLRQRIWKHDFHWDEXOXP¶VDSHUWXUH78 
To achieve this, a 3D PCS needs to be established before acetabular measurements. 79 
2.1 Standardized pelvic coordinate system 80 
Four initial markers are manually located on the anatomical landmarks to begin the analysis (Fig. 1). Spheres with 81 
centers at each initial marker are used to clip points on the surface model. The spherical implicit function ܨ for clipping is
          
82 
ܨ ൌ ܱܲതതതതଶ െ ܴଶǡ                       (1) 83 
where ܲ א ܷ௣௘௟௩௜௦ is a point on the surface model pelvisU ; R  is the radius of the sphere, which should be large enough to 84 
cover the landmark; and OP  is the distance between P  and the sphere center O . Thus, four clipped point sets are used 85 
in the APP and MSP computations. 86 
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 87 
Fig. 1. Clipping landmark point sets on the pelvic surface. Four initial markers (yellow) are manually defined at positions near the landmarks. 88 
Point sets (red) are clipped using a spherical implicit function (green region; see equation (1)). 89 
2.1.1 Anterior pelvic plane  90 
The APP can be considered as a tangent plane containing the ASISs and the pubic tubercles. The initial APP consists 91 
of the initial ASIS marker bilaterally and the midpoint between the markers on the left and right pubic tubercles. At each 92 
step of the iteration, points in the clipped point set are sorted by their displacement relative to the APP determined by the 93 
current markers. The most anterior point becomes the next marker, and the APP is recomputed (Fig. 2). The algorithm will 94 
converge on a solution after several iterations. The general computation process can be described by the following steps: 95 
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 96 
Fig. 2. Schematic diagram of the APP iteration. Automatically searching the most anterior point on the landmarks (red), markers are modified 97 
from 0M  to 2M (yellow ՜ blue ՜ green) within a few steps. The corresponding normal vector of the APP changes from 0n  to 2n . 98 
1. Manually locate initial markers 0iM  ( i  is left ASIS, right ASIS, left pubic tubercle, or right pubic tubercle). 99 
2. For markers kiM , compute the midpoint kmidM  between pubic tubercles and create a plane kAPP  with normal 100 
vector kn  defined by bilateral kASISM  and kmidM . 101 
3. Select vertices near the markers using the spherical function in (1) (points outside of the sphere are removed). 102 
Traverse every point and compute their distance to the plane kAPP  ( kn  is the positive direction). 103 
4. If the points with maximal distance to kAPP  are not the same as markers kiM , go to step 2; else go to step 5. 104 
5. Output the last plane kAPP  and normal vector kn  to be the optimal APP solution. 105 
2.1.2 Midsagittal plane 106 
The MSP is computed as the mirror plane associated with approximately symmetrical structures in the pelvis. An 107 
initial estimate of the MSP passing through the midpoint between ASISs with a normal vector  1,0,0  in the world 108 
coordinate system is used to mirror the original shape (Fig. 3). 109 
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 110 
Fig. 3. MSP computation pipeline. 111 
Then, the initial mirror shape is registered with the original shape using the ICP algorithm. After iterative 112 
computation, the optimal registration transform is 113  ௢ܶ௣௧ ൌ ூܶ஼௉ ூܶெǡ                      (2) 114 
where IMT is the initial mirror transform and ICPT is the rigid ICP transform. However, optT  is actually an affine 115 
transform rather than the optimal mirror transform of the pelvis. Based on the order of surface points listed in the data, 116 
each midpoint between the original position and the position after transform optT  is calculated to form a midpoint set. 117 
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Because these points are all considered to be on the optimal mirror plane, a fitted least-squares plane (Fig. 4) should be the 118 
MSP solution at the end of the computation. 119 
 120 
Fig. 4. MSP computation process. The initial mirrored shape (yellow) is transformed to maximally fit the original shape (white) after ICP 121 
registration. The midpoints (green) between corresponding points in the original shape and registered shape (purple) are used to fit a 122 
least-squares MSP (red). Visualization of the optimal mirrored pelvis (indigo) after MSP modification indicates a good result. 123 
    From the clinical perspective, the ASISs and pubic tubercles could provide a reliable reference because they are 124 
easily accessible when the patient is in the lateral position. However, from the graphical perspective, taking the entire 125 
pelvis into account would provide a benefit, such as a more accurate estimate.  126 
2.1.3 The origin of the PCS and transverse plane 127 
    Because the APP and MSP are computed without a perpendicularity constraint, it is necessary to modify one of 128 
them to guarantee perpendicularity. We recommend modifying the MSP rather than the APP because the MSP has a higher 129 
clinical significance. The normal vectors associated with the MSP and the APP provide the orientation of two coordinate 130 
axes, and the orientation of the third coordinate axis is determined by a cross-product computation as 131 
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                       ࢔்௉௉ ൌ ࢔ெௌ௉ ൈ ࢔஺௉௉ǡ                  (3) 132 
where ࢔஺௉௉ , ࢔ெௌ௉ , and ࢔்௉௉  are the normal vectors of the APP, MSP, and TPP, respectively. A guaranteed 133 
perpendicular MSP normal ࢔ெௌ௉ᇱ  is then computed from 134 
                       ࢔ெௌ௉ᇱ ൌ ࢔஺௉௉ ൈ ࢔்௉௉Ǥ                  (4) 135 
To compute the pelvic origin PCSO , one of the markers on the APP is projected onto the MSP and then projected onto the 136 
TPP. 137 
2.2 Acetabular anatomy 138 
2.2.1 Acetabular opening circle 139 
A recently published method introduced the use of a three-point circle as an initial estimate of the acetabular rim [24]. 140 
However, the rim is usually not precisely circular. Our proposed method takes this into account. First, a series of nodes are 141 
manually located along the curved osseous ridge, and a cubic interpolation is used to build a B-spline path (Fig. 5). Then, 142 
surface points near the rim path are selected using a Boolean combination of spherical implicit functions. The clipping 143 
function that takes the minimum value of all implicit functions is 144 
                            1 2min , ,..., nF F F F               (5) 145 
where iF  is a single spherical implicit function, as shown in (1), with its center at a point on the rim path and n  is the 146 
number of rim points. 147 
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 148 
Fig. 5. Acetabular opening circle and axis determination. With about 20 nodes (black dots) manually located on the osseous ridge, a B-spline 149 
path (green) is built as the rim path using cubic interpolation. Points (red) on the surface model and near the rim path are collected to fit a 150 
least-squares spatial circle (blue grid). The center of rotation (purple sphere) and the normal axis of the opening plane (purple line) are 151 
computed. 152 
These points on the rim represent many important anatomic parameters of the acetabulum, such as orientation, shape, 153 
and size. Spatial circle fitting is a convenient approach used to analyze the rim points. Here, we use a least-squares spatial 154 
circle, which is actually the intersection between a sphere and a plane that are separately fitted. Finally, the anatomic 155 
parameters of the acetabulum, such as those listed above (orientation, shape and size) can be easily computed from the 156 
acetabular opening circle in the PCS. 157 
2.2.2 Acetabular orientation in PCS 158 
Standard measures of anteversion and inclination of the acetabular axis have been introduced elsewhere [6]. The axis 159 
vector ࢔௔ representing the acetabular orientation calculated by the plane fitting is in the image data coordinate system and 160 
the acetabular parameter calculation must be based on the standardized PCS, describing the orientation of the acetabulum 161 
in 3D space. For the illustration of the PCS, please refer to Fig. 3. in [25]. 162 
To determine these measures in the PCS, the acetabular axis should be transformed in advance as 163 
            
                   
ܯ௥ ൌ ቂ࢔ெௌ௉࢔஺௉௉࢔்௉௉ ? ቃସൈସܯ௧ ൌ ቂܫܱ௉஼ௌ ? ቃସൈସ࢔௔ᇱ ൌ ܯ௧ܯ௥ܯ௧ି ଵ࢔௔         (6) 164 
where 
rM  and tM  are the rotation and translation matrices about the PCS, respectively; ࢔௔ᇱ  is the transformed direction 165 
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vector of the acetabular axis; and I  is an identity matrix. With the normalized vector ࢔௔ᇱ ሺݔǡ ݕǡ ݖሻ, the acetabular 166 
orientation parameters are computed as 167 
                       
 
 
 
 
 
 
2 2
2 2
2 2
tan
tan
tan
tan
tan
tan
OA y z
OI x y z
RA y z x
RI x z
AA y x
AI x y z
 ­°®  °¯
­   °®  °¯
­  °®   °¯
                
(7) 168 
where OA is operative anteversion; OI is operative inclination; RA is radiographic anteversion; RI is radiographic 169 
inclination; AA is anatomical anteversion; AI is anatomical inclination. (As shown in Fig 6., red represents anterversion 170 
and blue is inclination. The green arrow represents the acetabular axis.) 171 
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 172 
Fig. 6. Definition of the acetabular version 173 
3. Experiment and evaluation 174 
A 3D software package called ³$FHWDEXORPHWHU´was developed to execute the algorithm described above, and to 175 
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render the results of acetabular orientation. After importing the model, our proposed semi-automatic system can quickly 176 
calculate the orientation.  177 
For evaluation experiments, the right acetabulum was chosen. High-resolution CT data with a slice thickness of 1 mm 178 
and an average in-plane (x-y) resolution of 0.977 mm of 88 normal people (mean age of 43 r 27 years, 51 male and 37 179 
female) receiving pelvic scans for reasons not related to orthopedic conditions were selected from Shanghai Nine 180 
3HRSOH¶V+RVSLWDOLQVWLWXWLRQ¶VGDWDEDVH 181 
It is important to evaluate the accuracy of the APP and MSP computations. Theoretically, the APP is a unique 182 
solution, and practically it can be obtained after at most four iterations. Rapid convergence required only one iteration in 183 
60 cases (68.5%), two iterations in 21 cases (23.9%), three iterations in 5 cases (5.7%), and four iterations in 2 cases 184 
(2.3%). The average number of iterations was 1.42f0.33, and the maximum was 4. Due to the complex 3D morphology 185 
of the pelvis, evaluation of the MSP computation should also be surface-based. The point-to-surface distances between the 186 
mirror pelvis and the original pelvis for every vertex of the model (Fig. 7) averaged over all 88 subjects was 1.34r 0.49 187 
mm. As illustrated in Fig. 3, the ICP shape is the optimal mirror shape.  188 
 189 
Fig. 7. Color-coded point-to-surface distances between the mirror pelvis and the original pelvis for every vertex. 190 
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This method performed well in the determination for all of the 88 subjects. The major error source from observers 191 
was the randomness of the placement of the initial markers, especially for the two endpoints of the rim path. Different 192 
observers placed the endpoints at different positions on the osseous ridge or in the notch. To evaluate the differences 193 
among raters and surface models, we produced three surface models of a random patient using different threshold values in 194 
segmentation, mesh smoothing, and decimation in reconstruction. Taking the parameter of the radiographic anteversion of 195 
acetabulum as an example, the experiment for the patient showed that values were similar across models and raters (Table 196 
1). 197 
Table 1. Radiographic anteversion of acetabulum with different raters and surface models 198 
 
Yiping Wang Henghui Zhang Liao Wang SD 
Surface Model 1 21.09° 21.52° 20.99° 0.23° 
Surface Model 2 21.06° 21.04° 20.84° 0.099° 
Surface Model 3 21.21° 20.69° 21.5° 0.33° 
SD 0.065° 0.34° 0.28°  
Henghui Zhang and Liao Wang are clinical raters, while Yiping Wang is a technical rater. 199 
The intra-class correlation coefficient (ICC) evaluation is a two-way analysis of variance model that accounts for 200 
random effects of both different users and subjects and it has been widely adopted to assess the reliability for a group of 201 
typical users [26]. In this study, ,&&VFRUHVRQDQWHYHUVLRQDQGLQFOLQDWLRQLQWKHVWDQGDUGDQJXODUGH¿QLWLRQs (operative, 202 
radiographic, and anatomic) and the radius of the acetabular rim were used to evaluate the reliability. Three trials were 203 
independently performed by three raters (Yiping Wang, Henghui Zhang, and Liao Wang) on all subjects. Raters started 204 
with raw DICOM (Digital Imaging and Communications in Medicine) images and performed all operations such as 205 
thresholding, segmentation, reconstruction, and initial marker placement using the 3D software. Both intra- (Table 2) and 206 
inter-rater (Table 3) ICC scores on these measures are high, indicating that the algorithms are very reliable and capable of 207 
accomplishing repetitive measurements for mass patient data. 208 
Table 2. Single measure intra-rater reliability 209 
           Yiping Wang Henghui Zhang Liao Wang 
Radius 0.9990 (0.9976 to 0.9996) 0.9893 (0.9755 to 0.9959) 0.9984 (0.9964 to 0.9994) 
OA 
(operative anteversion) 0.9998 (0.9995 to 0.9999) 0.9986 (0.9968 to 0.9995) 0.9998 (0.9996 to 0.9999) 
OI 
(operative inclination) 0.9989 (0.9975 to 0.9996) 0.9924 (0.9826 to 0.9971) 0.9988 (0.9972 to 0.9995) 
RA 
(radiographic anteversion) 0.9998 (0.9996 to 0.9999) 0.9990 (0.9977 to 0.9996) 0.9998 (0.9996 to 0.9999) 
Rater 
Parameter 
Rater 
Model 
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RI 
(radiographic inclination) 0.9981 (0.9957 to 0.9993) 0.9893 (0.9756 to 0.9959) 0.9987 (0.9970 to 0.9995) 
AA 
(anatomical anteversion) 0.9998 (0.9996 to 0.9999) 0.9989 (0.9976 to 0.9996) 0.9998 (0.9995 to 0.9999) 
AI 
(anatomical inclination) 0.9985 (0.9966 to 0.9994) 0.9910 (0.9794 to 0.9966) 0.9990 (0.9976 to 0.9996) 
The values are given as the intra-UDWHU ,&&VFRUHVZLWK WKHFRQ¿GHQFH LQWHUYDO LQSDUHQWKHVHV IRU VLQJOHPHDVXUHV LQ210 
terms of absolute agreement (an ICC of approximately 0.90 to 1.00 for Cronbach alpha can be considered almost perfect).  211 
 
212 
Table 3.  Single measure inter-rater reliability 213 
 Trial 1 Trial 2 Trial 3 
Radius 0.9981 (0.9956 to 0.9993) 0.9988 (0.9757 to 0.9994) 0.9985 (0.9965 to 0.9994) 
OA 
(operative anteversion) 0.9997 (0.9992 to 0.9999) 0.9998 (0.9990 to 0.9999) 0.9997 (0.9996 to 0.9999) 
OI 
(operative inclination) 0.9979 (0.9952 to 0.9992) 0.9974 (0.9969 to 0.9991) 0.9982 (0.9978 to 0.9995) 
RA 
(radiographic anteversion) 0.9998 (0.9995 to 0.9999) 0.9998 (0.9997 to 0.9999) 0.9998 (0.9996 to 0.9999) 
RI 
(radiographic inclination) 0.9966 (0.9921 to 0.9987) 0.9963 (0.9956 to 0.9973) 0.9977 (0.9970 to 0.9987) 
AA 
(anatomical anteversion) 0.9997 (0.9994 to 0.9999) 0.9999 (0.9998 to 0.9999) 0.9998 (0.9996 to 0.9999) 
AI 
(anatomical inclination) 0.9973 (0.9938 to 0.9990) 0.9980 (0.9977 to 0.9985) 0.9978 (0.9956 to 0.9986) 
The values are given as the inter-UDWHU ,&&VFRUHVZLWK WKHFRQ¿GHQFH LQWHUYDO LQSDUHQWKHVHV IRU VLQJOHPHDVXUHV LQ214 
terms of absolute agreement (an ICC of approximately 0.90 to 1.00 for Cronbach alpha can be considered almost perfect). 215 
 
216 
4. Discussion and conclusion 217 
We have presented a novel surface-based approach to determine key spatial parameters of the acetabulum. A new 218 
PCS consisting of the APP, MSP, and TPP was derived from a 3D pelvic surface model. Based on the PCS, critical 219 
acetabular parameters can be determined semi-automatically. High efficiency was achieved for the entire algorithm 220 
procedure while enabling highly reproducible measurements of acetabular spatial parameters, with almost perfect inter- 221 
and intra-rater ICC scores.  222 
Compared with the MSP determination using simple landmark points, the surface-based approach maximally reduces 223 
manual error of acetabular angle measurements and greatly improves the reliability. The computation time depends on the 224 
number of points on the surface model and the number of iterations in the ICP algorithm. In this study, we chose at most 225 
50 iterations as adequate and 0.001 mm as the maximum mean distance. The number of vertices on each pelvis model was 226 
about 300,000. The time consumption was less than 2 seconds after selection of the four initial points for each case using a 227 
standard PC, which is comparable with the study reported by Fieten et al. [22]. 228 
Parameter Trial 
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A better description of the acetabulum should be a spatial circle. Different investigators have taken different 229 
approaches to modeling acetabular orientation. Higgins et al. [24] presented a best-fit plane for describing the acetabular 230 
RULHQWDWLRQ-yĨwiak et al. [27] presented a set of section planes parallel to the acetabular opening plane to search for an 231 
average trend line that joins the centers of the circles fitted by the intersection curve. We took the point set on the 232 
acetabular rim as a feature extraction and found that an acetabular circle could provide a succinct description, which helps 233 
to determine the center of rotation. A circle with its radius, perimeter, and normal vector can be computed by combining 234 
sphere-fitting and plane-fitting algorithms. An average point-to-circle error of 3.03 millimeters was obtained in the circle 235 
fitting experiments. However, the main error source is not computational, but rather the complex morphology of the native 236 
acetabulum. A better description of every native acetabulum may be an equation of a best-fit curve in a cylindrical 237 
coordinate system. Related work is in progress, and we believe that it is meaningful not only for pre-planning and 238 
image-guidance of THA interventions, but also for patient-specific design of acetabular prostheses in the future. 239 
Optimal placement of the acetabular prosthesis is critical for the success of THA. However, the target placement for 240 
the prosthetic component is still unknown. The current measurement of the native acetabulum as well as the acetabular 241 
component is not accurate or reliable without taking the pelvis into account. Our ³$FHWDEXORPHWHU´establishes a reliable 242 
3D PCS and measures the critical acetabular parameters based on the reported PCS. Overall, the semi-automated 243 
segmentation and measurement system is sufficiently fast, accurate, and reliable to be applied to the analysis of a large 244 
sample. Our approach may have the potential to determine the optimal target for the placement of the acetabular 245 
component in THA. 246 
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